[1] We have developed a technique for the simultaneous in situ determination of U-Pb ages and Hf isotope ratios from a single spot in complex, discordant zircons by combining both a single-collector and a multicollector sector field inductively coupled plasma-mass spectrometry (ICP-MS) with a 193 nm excimer laser ablation system. With a suite of zircon standards of various ages, we first show that U-Pb ages can be determined accurately to within 0.3-2.5% (2s) compared to the nominal value, while the internal errors are better than 0.4-0.7%; hafnium isotope ratios are accurate, relative to solution analyses, within one epsilon unit, and internal errors are typically <0.008%. U ratios, commonly discarded previously as "un-reducible data," to construct a Discordia in U-Pb Concordia plot, using every scan, every laser pulse as individual data points from a single laser ablation spot (typically > 200-250 data points). We show that the upper and lower intercept ages from the Discordia, augmented by high precision Hf isotope data obtained on the same spot, reveal invaluable information that permit unique insight to geological processes not available by other means. We demonstrate that our technique is useful for provenance studies of small, complex detrital zircons in sedimentary and high-grade metamorphic rocks, in relation to crustal growth and evolution.
Introduction
Zircon is the most widely used accessory mineral for determining the age, provenance, and thermal history of rocks. This is because zircons contain high concentrations of U, Th and Hf and are relatively resistant to later chemical alteration. Despite this, it has long been known that zircons are not immune to lead-loss, which results in discordant 206 U ages [Holmes, 1954] . Various techniques and approaches have been developed in order to account for this lead loss in zircons and to achieve concordant U-Pb ages. These include the use of physical abrasion [Krogh, 1982a] , magnetic separation [Krogh, 1982b] , and chemical abrasion [Mattinson, 2005] techniques before zircon dissolution, U and Pb separation and isotopic analyses using a thermal ionization mass spectrometer (TIMS). These traditional approaches are sometimes capable of accounting for Pb-loss, but bulk dissolution is inappropriate and inapplicable to complexly zoned zircons. With the advent of in situ U-Pb dating techniques, such as secondary ion mass spectrometry [e.g., Ireland and Williams, 2003; Li et al., 2009a] , multiple concordant portions of zircons could be targeted for analysis while discordant zircons and metamict portions of zircons could be avoided through prior careful documentation of zircon domains with cathodoluminescence (CL) imaging.
[3] The use of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) has been demonstrated over the past decade as a rapid method with adequate precision for the U-Pb dating of U-rich minerals (e.g., zircon) and is becoming increasingly popular and widely applied [Feng et al., 1993; Fryer et al., 1993; Hirata and Nesbitt, 1995; Horn et al., 2000; Li et al., 2000 Li et al., , 2001 Košler et al., 2002; Jeffries et al., 2003; Jackson et al., 2004; Chang et al., 2006; Gehrels et al., 2008; Frei and Gerdes, 2009] . Recently, the use of LA-multicollector-ICP-MS (LA-MC-ICP-MS) has gained increasing acceptance as a precise and accurate method for the in situ analysis of the Hf isotopic composition of zircons [Thirlwall and Walder, 1995; Griffin et al., 2000 Griffin et al., , 2002 Machado and Simonetti, 2001; Li et al., 2003; Woodhead et al., 2004; Iizuka and Hirata, 2005; Wu et al., 2006] . Recent studies by Yuan et al. [2008] and Xie et al. [2008] have even demonstrated a method for the simultaneous collection of data from a single laser system by splitting the ablated aerosol and measuring them simultaneously on two mass spectrometers. Using this method it is possible to collect U-Pb and/or trace element data together with Hf isotope data from the same laser ablation spot. However, all of these studies have focused on concordant zircons, or concordant domains within zoned zircons that are large enough to resolve spatially with laser ablation. Gerdes and Zeh [2009] presented a method for determining the upper and lower intercept ages for discordant and complexly zoned zircons, but this method requires multiple separate analyses of large (relative to the laser spot size) distinct growth and alteration zones within multiple zircon crystals extracted from a rock sample in order to construct lines of discordia. Johnston et al. [2009] present small volume (12-14 mm diameter, 4-5 mm depth) U-Pb zircon geochronology technique by LA-MC-ICP-MS. Cottle et al. [2009] showed a single shot laser ablation analysis could provide meaningful U-Pb ages on zircons with overgrowth rim, when a transient signal is fully integrated.
[4] The purpose of this study is to determine U-Pb ages and Hf isotope ratios from single spot analyses of complex, discordant zircons using laser ablation simultaneously coupled to a singlecollector sector field HR-ICP-MS and a multiplecollector ICP-MS. We show that U-Pb datum could be obtained with ablation depth of $60 nm in a single laser pulse and depth profiling of complex zircons are feasible. We monitored U/Pb elemental fractionation caused by differential volatility of U and Pb as laser ablation proceeds downhole. Using a suite of concordant zircon standards, we show that the fractionation of U/Pb per unit time, dF/dt, can be taken as a constant for a given operational setting on the laser and ICP-MS. Correcting for U/Pb drift yielded U-Pb ages of zircon standards with accuracies to within 0.3-2.5% (2s) that of nominal values and internal precisions of <0.4-0.7% (2s). We used the same spot size and laser energy for all analyses within a single standard sample bracketed analytical session to ensure downhole fractionation of U/Pb observed for standards are applicable to unknown samples. In the case of discordant zircons, variations in time-resolved U/Pb during ablation are caused both by intrinsic heterogeneity during depth profiling and a baseline drift in the fractionation of U/Pb. The constant fractionation factor per unit time, dF/dt, as determined from external standards, was, therefore, used to subtract the baseline drift, leaving a residual signal that contains complex geochronologic information. We applied this approach to a suite of metamorphically overprinted detrital zircons from lower crustal meta-quartzite xenoliths sampled in late Miocene volcanics in the Sierra Nevada batholith, California. By treating each scan as an individual datum, we find that the time-resolved analyses systematically yield discordant arrays in a U-Pb Concordia plot. These zircons gave variable upper-intercept ages (1.7-2.8 Ga), typical of the cratonic basement ages of North American, but shared a common Cretaceous lower-intercept age ($100 Ma) to within error. The common lowerintercept age coincides with the peak of Cretaceous arc magmatism in the Sierra Nevada and, thus represent metamorphic overprinting of metasediments by magmatic heating. In contrast, Hf isotopes did not show resolvable zonation within uncertainty of measurements, allowing depleted mantle model ages to be determined in combination with U-Pb ages. In summary, this approach provides a means of extracting both juvenile crust formation ages and major crystallization and metamorphic events from a single zircon. In most laser ablation ICP-MS studies, where the entire signal is integrated, zircons found to be discordant are generally discarded because there is no means of extracting much age information, except for a minimum constraint on the upper-intercept age. The method presented here greatly expands the application of detrital zircon studies using U-Pb and Hf isotopes.
Experimental Setup and Data Acquisition
[5] Our setup for simultaneous U-Pb and Hf isotope analyses of zircons is similar to that described by Yuan et al. [2008] and Xie et al. [2008] but with the following important distinction. We use a different excimer laser ablation system (Photon Machines Analyte 193H) equipped with a dual volume sample cell (Photon Machines HelEx Cell), a single collector, magnetic sector field, high-resolution (HR)-ICP-MS (ThermoScientific Element XR) with high sensitivity compared to a conventional quadrupole ICP-MS, and a MC-ICP-MS (ThermoScientific Neptune Plus). This combination provides the most sensitive configuration for the purpose of this study. In brief, the sample aerosol created by the laser leaves the HelEx sample cell and is split into two paths using a y-connector, one destined for the Element XR and one for the Neptune Plus (see Figure 1 ). Gas mixers are used to introduce additional Ar make-up gas to the sample aerosol. The relative proportion of sample aerosol to each respective mass spectrometer has to be carefully controlled (between 1:9 to 3:7 proportion) to ensure both sufficient Hf signal for high precision isotopic analyses (>2.5 V on 180 Hf) on the Neptune Plus, as well as sufficiently high signal for U-Pb analyses on the Element XR in ion counting mode ( stability (while maintaining rapid washout times of < 2s) prior to introducing the aerosol into the plasma. A schematic representation of our experimental setup is provided in Figure 1 , and all pertinent instrumental operating parameters are provided in Table 1. [6] The Photon Machines Analyte 193H is a commercially available turn-key ArF excimer laser ablation system with a UV wavelength of 193 nm, maximum energy of 15 mJ at the sample surface, and a maximum pulse rate of 100 Hz. The high peak energy and short pulse duration of the Analyte 193H (4-5 ns compared to other excimer laser systems of 10-20 ns) minimizes the heat affected zone, providing cleaner ablations, improved ionization and reduced elemental fractionation. The laser ablation system includes a laser beam homogenizing system, a motor-controlled sampling stage with micrometer resolution, and coupled microscope and color CCD viewing system. The Analyte 193H produces homogeneous energy density at the site of ablation for a range of spot sizes up to 85 um in diameter that can be tuned by the user using an attenuator. Lower energies (4-5 mJ) and energy fluence ($1.2 Jcm À2 ) resulted in increased signal stability and favorable downhole fractionation characteristics during this work. It has been well documented that 193 nm excimer laser ablation systems provide a more homogenous distribution of smaller particle sizes, which results in increased aerosol transmission and more efficient ionization within the ICP [Eggins et al., 1998; Gunther and Heinrich, 1999] . A typical single pulse laser ablation crater achieved in our laboratory with Analyte 193H is shown in Figure 2a , with a crater depth of only $60 nm/pulse (Figure 2b) , and 350-400 nm for every 5 pulses (Figure 2c ). This ensures our ability to perform chemical and isotopic analyses with depth profiling in oriented minerals with high spatial and depth resolution. Helium was used as a carrier gas to enhance aerosol transmission and to minimize deposition of ablated material [Eggins et al., 1998; Gunther and Heinrich, 1999; Jackson et al., 2004] . Our laser ablation system is equipped with a twovolume ANU-style HelEx sample cell. The smallvolume inner cell of the HelEx cell results in the same rapid (<2 s) washout times of other small volume sample cells, while the large-volume primary sample cell allows for four standard thin sections, three 1 in. round mounts, and two 0.5 in. round mounts to be analyzed without opening the sample cell to atmosphere.
[7] The Element XR HR-ICP-MS was operated in low-resolution mode for U-Pb isotopes, which results in flat-top peaks and increased sensitivity ($2.5 Mcps for 1 ng/mL of 238 U in solution mode for an uptake rate of 50 mLmin À1 with an ESI PFA microflow nebulizer and cyclonic spray chamber), which is up to two orders of magnitude higher than what is obtainable with quadrupole mass spectrometers (cf. $0.060 Mcps for 1 ng/mL of 238 U [Yuan et al., 2008] ). Average background intensities are negligible for high-mass isotopes (m/z > 85), and our gas backgrounds were lower relative to our increased sensitivity for all elements than those reported elsewhere [Yuan et al., 2008] . The Element XR was tuned for maximum sensitivity and low-resolution mass calibrations were performed in solution mode daily. After connecting the laser, gas flows were adjusted for maximum sensitivity and signal stability. Depending on the size of the zircons being analyzed, U-Pb isotope data were acquired in time resolved mode using 30, 40, 50, or 65 mm spot sizes and parameters as shown in Table 2 . Spot sizes and laser energy were also varied to limit the maximum signal of 238 U to < $ 3 Mcps, as data were exclusively acquired in counting mode to avoid uncertainties associated with counting to analogue mode conversions. Total data acquisition times were 76 s, with 25-30 s of baseline acquisition before the laser was fired and $46-51 s of sample acquisition after the laser was fired (Figure 3 ). To improve sampling economy during the data acquisition,
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Hg is not measured separately to correct 204 Hg on 204 Pb (Table 2) . However, on peak baseline subtraction removes 204 Hg and any gas blank effectively. The resulting 204 Pb signal was found to be very low for all zircons in our study. A common lead correction scheme could be applied if necessary. Also 235 U is not measured separately (Table 2) laser firing at a 5Hz repetition rate, each data point shown in Figures 3, 4 and 5 corresponds approximately to a single laser pulse. In the rare analysis where the laser was fired at 10Hz, each data point corresponds to signals integrated for every two pulses.
[8] The Neptune Plus MC-ICP-MS was operated in low resolution static multicollection mode using eight faraday collectors equipped with 10 11 W amplifier cards. The use of high-sensitivity sampler and skimmer cones (Jet-cone and X-cone, respectively) results in increased sensitivity ($1,400 Vppm À1 without the OnTool Booster Jet-Pump) relative to the earlier generation of Neptune (<400 Vppm   À1 ). The Neptune Plus was tuned for maximum sensitivity. Mass calibrations and detector gains were made in dry-plasma mode using an ESI Apex IR desolvating nebulizer prior to connecting to the laser. Once the laser was connected, gas flows were re-adjusted for maximum sensitivity and signal stability. Hafnium isotope data were acquired concurrent with the acquisition of U-Pb isotope data, using the Hf signal intensities were >3-4 V for 91500.
[9] The following protocol is used for all zircon analyses. Individual standard sample bracketed sessions consist of 3 or more zircon standards with well-known U-Pb ages and Hf isotope compositions measured immediately before and after 5 unknown zircons. In this manner we can account for changes in elemental fractionation (U/Pb) and mass bias behavior that might occur over the duration of the session.
Data Reduction
[10] The typical time-resolved U-Pb isotope data acquisition procedures for zircons are shown in Figure 3 . Baselines are acquired for $25-30 s prior to firing the laser at time T ab . Data collected during a 5s window between T ab and T ds are not used because the rapid increase in signal intensity and possible surface contamination result in widely variable isotope ratios. Only the data collected after the 5s window (starting at T ds ) are used in the data reduction and age calculations.
[11] For concordant zircons (which includes all of the standards), raw data are processed off-line using standard software packages of either Iolite or Glitter. For complexly zoned discordant zircons, an in-house Excel® spreadsheet program is used. Data reduction of all zircons begins with subtracting average baseline counts from the sample intensities measured during ablation. No common Pb correction has been applied to any of the data presented here as the background-corrected 204 Pb signals were below detection limit and 206 Pb/ 204 Pb ratios were greater than 1000. After baseline subtraction, elemental fractionation related to crater depth (referred to as downhole fractionation) is corrected by applying a least squares linear regression through all measured ratios of zircon standards back to T ab (black line with arrow in Figure 3a ).
[12] To illustrate our method for complex zircons, a time-resolved U-Pb isotope data acquisition from a small ($40 mm) anhedral and complexly zoned detrital zircon from a granulite facies lower crustal metasedimentary xenolith found in a Miocene diatreme in Sierra Nevada is shown in Figure 3b . The zircon is characterized by variable Pb loss. Whereas unzoned homogenous zircon standards are characterized by very stable 206 Pb/ 238 U ratios (Figures 3a  and 4 ), zoned and variably discordant zircons contain significant isotopic variations (Figure 3b ). Such isotopic heterogeneity is not amenable to traditional data reduction schemes such as Glitter and Iolite that are commonly used for concordant zircons. When faced with such a zircon with variable U/Pb ratio, the usual response is to either discard all of the data as "bad," or subjectively select portions of the data to regress and reduce using Glitter or Iolite. We have developed a different data reduction scheme for such cases (Figure 3b ) that uses all of the available data from a single laser ablation spot to produce a line of discordia that results in meaningful upper and lower intercept ages.
[13] Our standard operating procedure ensures that the magnitude of change in downhole elemental fractionation (e.g., 206 Pb/ 238 U) observed in each zircon is small (the slope of the regression shown in Figure 4 is within error of horizontal) and that different zircon reference materials all have the same magnitude of downhole fractionation, within error of the regression. Because we use the exact same spot size and laser energy for all analyses within a single standard sample bracketed analytical session, we can use the downhole fractionation determined for U are calculated and then used to correct for the downhole fractionation of unknowns back to T ab (e.g., Figure 3a ). As shown in Figure 4 , the downhole fractionation of U/Pb was linear with time, and identical within error for all zircon standards of homogeneous composition (changes in U/Pb ratio per unit time, dF/dt = constant Pb/ 235 U ratios (Figure 3b ). After this downhole fractionation correction in U/Pb, the intrinsic U/Pb variations of complex zircons (e.g., Figure 3b ) during depth profiling could be uncovered.
[15] The average offset in the U/Pb ratio between the TIMS nominal value for zircon standard 91500 [Wiedenbeck et al., 1995] and the measured value extrapolated to T ab at the beginning and end of the analytical session is applied to correct further the instrumental mass bias to all other samples analyzed under the same operating parameters. Age determinations can then be made using all of the data points obtained from a single laser ablation spot (green squares in Figure 5 ; see auxiliary material for data and results presented in Figure 5 ) in Isoplot [Lugwig, 2003] .
1 Although there are no errors associated with individual data points, it is possible to assign errors to individual data points based on counting statistics in order to use Isoplot and calculate mean square of weighted deviates (MSWD). Alternatively, each consecutive set of 5 measurements could be binned and averaged, allowing 2s errors and estimates of error correlation (r) explicitly calculated and plotted using Isoplot to calculate discordant upper and lower intercept ages (error ellipses in green, black and red in Figure 5 ). [16] Hafnium isotope data reduction follows that described by Wu et al. [2006] . Baselines are automatically subtracted from the sample data by the Neptune software. The baseline-corrected data is then further corrected for mass bias and isobaric interferences of 176 
Results and Discussion
[17] Results of replicate analyses of zircon reference standards are provided in Table 3 and Hf intensities were greater than 2.5V.
[18] To test our method we present a combined U-Pb and Hf isotope data set for small (typically < 40 um) detrital zircons exposed in thick sections of mid-to lower-crustal metasedimentary xenoliths that occur in a Miocene diatreme erupted through the Sierra Nevada batholith. Results for three representative discordant zircons are presented in Figure 5 . All three zircons are characterized by Cretaceous lower intercept ages that are within error of each other (103 Ma-125 Ma) suggesting the protolith materials were underthrusted to lower crustal depth at the peak of arc magmatism in the western USA. A range of upper intercept ages that vary from 1792 Ma to 2810 Ma are obtained, typical of North American cratonic basement. Ages calculated using all of the individual mass scan data (green squares) are identical within error to ages calculated using integrated data (the average of every 5 mass scans) (green ellipses). For example: upper and lower intercept ages calculated for zircon 98-8-1-09/19 (green data in Figure 5 ) are within error of each other. We should point out the laser ablation pit floor is rarely parallel to the true ellipses are 2s (s.e.) for individual analyses, small blue error ellipse is 2s s.e. for the mean Concordia ages calculated using Isoplot [Ludwig, 2003] . Data point error symbols for Hf isotope data are 2s (s.e. age zonation of zircon of random orientation in a thin section. Results of our approach thus represent a variable degree of mixing of different age domains in a complex zircon. From the array of these discordant data points with variable degree of mixing, the age of initial zircon crystallization (the upper intercept) and the age of a younger zircon overgrowth or the age of a discrete open system event capable of partially resetting the U-Pb chronometer in zircon are uncovered. The common lower-intercept age in Figure 5 is significant and records the timing of a metamorphic event concomitant with peak arc magmatism in the Sierra Nevada (E. Chin et al., manuscript in preparation, 2012).
[19] The simultaneous collection of Hf isotope data coupled with U-Pb ages allows for further insights of crustal evolution history from the tiny zircon grains in the thin sections. Unlike the variable U/Pb ratio in the complex zircons, the Hf isotopic composition for the investigated zircons were uniform. This is consistent with previous work showing that the Hf isotope system is not modified by secondary processes that easily affect the U-Pb system [Gerdes and Zeh, 2009] . Figure 7a plots initial Hf isotopic compositions of zircons at the time of U-Pb lower and upper intercept ages in an Hf isotope evolution diagram, showing some zircons were crystallized from depleted upper mantle sources, while others were crystallized from enriched crustal sources. From merely 22 zircon grains examined in three petrographic thin sections, three episodes of juvenile crustal extraction at $3.2-2.3 Ga, $2.0-1.7 Ga, and 1.4 Ga from depleted upper mantle source are discernable. Using Hf isotope and Lu/Hf data, Hf model ages were calculated for each zircon, and plotted against U-Pb upper intercept ages (Figure 7b ). Figure 7b highlights that crustal incubation time (or, crustal residence time, the dotted lines away from 1:1 correlation line) which suggest after juvenile crustal extraction from the depleted mantle sources, the chemical reservoirs evolve for another 300-1,500 Ma until zircons crystallize in the crustal settings (upper intercept ages). Figures 5 and 7 collectively highlight our method for analyzing complexly zoned and discordant zircons with single laser ablation spots for both U-Pb and Hf isotopes is robust and potentially widely applicable in zircon provenance and crustal growth and evolution studies.
Conclusions
[20] We present a variant for the simultaneous in situ determination of Hf and U-Pb isotope measurement applied to both concordant as well as complexly zoned zircons from a single laser spot during depth profiling. Results of U-Pb ages and Hf isotopes of large concordant zircon standards are both accurate and precise to within 1-2% and 0.008%, respectively. Additionally, we demonstrate the ability to measure the upper and lower intercept ages of small, complexly zoned, discordant zircons with similar levels of precision. These U-Pb ages augmented by the T DM model ages determined from our simultaneous Hf isotope analyses, collectively provide a powerful means for the study of provenance, crustal growth and evolution. Hf, parts per 10,000 deviation of the laser ablation data from the solution MC-ICP-MS values determined for the same standards.
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